A novel thermoacidophilic pullulan-hydrolyzing enzyme (PUL) from hyperthermophilic archaeon Thermococcus kodakarensis (TK-PUL) that efficiently hydrolyzes starch under industrial conditions in the absence of any additional metal ions was cloned and characterized. TK-PUL possessed both pullulanase and ␣-amylase activities. The highest activities were observed at 95 to 100°C. Although the enzyme was active over a broad pH range (3.0 to 8.5), the pH optima for both activities were 3.5 in acetate buffer and 4.2 in citrate buffer. TK-PUL was stable for several hours at 90°C. Its half-life at 100°C was 45 min when incubated either at pH 6.5 or 8.5. The K m value toward pullulan was 2 mg ml ؊1 , with a V max of 109 U mg ؊1 . Metal ions were not required for the activity and stability of recombinant TK-PUL. The enzyme was able to hydrolyze both ␣-1,6 and ␣-1,4 glycosidic linkages in pullulan. The most preferred substrate, after pullulan, was ␥-cyclodextrin, which is a novel feature for this type of enzyme. Additionally, the enzyme hydrolyzed a variety of polysaccharides, including starch, glycogen, dextrin, amylose, amylopectin, and cyclodextrins (␣, ␤, and ␥), mainly into maltose. A unique feature of TK-PUL was the ability to hydrolyze maltotriose into maltose and glucose.
P
ullulan is a linear ␣-glucan that consists of repeating units of maltotriose linked by ␣-1,6 glycosidic linkages (1) . Pullulanases (EC.3.2.1.41) are pullulan-hydrolyzing enzymes that are commonly known as debranching enzymes because of their hydrolytic action toward ␣-1,6 glycosidic linkages in starch and other branched polysaccharides (2, 3) . This property makes pullulanase an enzyme of great interest for the hydrolysis of starch, because other starch-hydrolyzing enzymes, including ␣-amylase and glucoamylase, are unable to efficiently hydrolyze branch points containing ␣-1,6 glycosidic linkages (4) . Complete hydrolysis of starch can only be achieved in the presence of a debranching enzyme (2) . The process of starch hydrolysis requires highly thermostable amylolytic enzymes that are active at acidic pH (4, 5) . In the last 3 decades, enormous efforts have been made to explore the amylolytic potential of thermophilic and hyperthermophilic microorganisms (4, 5) , and a number of thermostable amylolytic enzymes have been cloned and characterized (3) (4) (5) . However, more-efficient enzymes are still needed for starch processing.
In sequence-based classification, pullulanases, along with most of the starch-hydrolyzing enzymes, are grouped into glycosyl hydrolase family 13 (GH13) (6, 7) , whereas on the basis of substrate specificity and reaction end products, pullulan-hydrolyzing enzymes are categorized either as pullulanases (types I and II) or pullulan hydrolases (types I, II, and III) (2) . Pullulanases (types I and II) hydrolyze only ␣-1,6 linkages in pullulan, and they are unable to hydrolyze ␣-1,4 linkages in this substrate. Pullulanase type ⌱ specifically hydrolyzes ␣-1,6 glycosidic linkages in pullulan and yields maltotriose as an end product (8) . However, pullulanase type II (amylopullulanase) has an additional ability to hydrolyze ␣-1,4 glycosidic linkages in starch and other polysaccharides (9) . Pullulan hydrolases (type I and type II) can only hydrolyze ␣-1,4 linkages in pullulan and are unable to hydrolyze ␣-1,6 linkages of this glucan. The final products of hydrolysis may be panose (in the case of pullulan hydrolase type I) or isopanose (in the case of pullulan hydrolase type II) (2, 10) . Pullulan hydrolase type III is a unique enzyme that is capable of hydrolyzing both ␣-1,4 and ␣-1,6 glycosidic linkages in pullulan, and its final reaction products include a mixture of maltose, panose, and maltotriose (2) . Several pullulanases (types I and II) and pullulan hydrolases (types I and II) have previously been reported from all three domains of life (8, (11) (12) (13) . However, the pullulanase from Thermococcus aggregans is the only pullulan hydrolase type III reported until now (10) .
Thermococcus kodakarensis KOD1 is an anaerobic hyperthermophile that grows optimally at 85°C and pH 6.5 as an obligate heterotroph (14, 15) . The complete genome of T. kodakarensis (GenBank accession no. AP006878) has been published, and it contains several genes coding for putative amylolytic enzymes (16) . A few of them, including ␣-amylase, 4-␣-glucanotransferase, cyclodextrin glucanotransferase, and amylopullulanase, have been cloned and characterized (17) (18) (19) (20) . In this study, we report a novel pullulan hydrolase of T. kodakarensis (TK-PUL) that was previously annotated (locus tag TK0977, GenBank accession no. BAD85166.1) and reported as a pullulanase type II (16, 21) . We prove here with convincing experimental results that TK-PUL is a pullulan hydrolase type III, rather than a type II. Furthermore, to our knowledge, this is the only pullulan hydrolase that is capable of hydrolyzing saccharides as small as maltotriose. restriction endonucleases, InsTAclone PCR cloning kit, DNA extraction kit, T 4 DNA ligase, DNA and protein size markers, Taq DNA polymerase, RNase, and deoxynucleoside triphosphates (dNTPs) were from Thermo Scientific (Thermo Scientific Life Science Research, MD). Maltooligosaccharides (maltoheptaose to maltotriose), cyclodextrins (␣ and ␥), and polysaccharides, including pullulan from Aureobasidium pullulans, starch from potato and corn, glycogen from oyster, and amylopectin derived from potato were purchased from Sigma-Aldrich, while ␤-cyclodextrin was from Acros Organics (Geel, Belgium).
Strains, plasmids, and media. Escherichia coli DH5␣ cells and plasmid pTZ57R/T (Thermo Scientific) were routinely used for cloning and general DNA manipulations. E. coli BL21-CodonPlus(DE3)-RIL (Stratagene, La Jolla, CA), and pET21a(ϩ) (Novagen, Madison, WI) were used for gene expression. E. coli strains were grown normally in Luria-Bertani (LB) medium at 37°C. The growth medium contained ampicillin (100 g ml Ϫ1 ) when required for plasmid maintenance. Recombinant E. coli cells containing pET21a(ϩ) were selected on LB agar containing ampicillin (100 g ml Ϫ1 ), whereas X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 40 g ml Ϫ1 ) and 1 mM IPTG (isopropyl-␤-D-galactopyranoside) were added when blue/white screening of recombinant E. coli cells containing pTZ57R was required.
Cloning of TK-PUL gene. A 2,298-bp open reading frame (TK0977, accession no. BAD85166.1) annotated as a pullulanase type II of the GH13 family was identified in the genome of T. kodakarensis KOD1. A set of primers, Pul-N (5=-CATATGAGCGGATGTATCTCGGAGAGCAACG-3=, corresponding to the 5= end of the gene) and Pul-C (5=-GAAGCGGG GGTCAACCCCGCTCAAG-3=, corresponding to the 3= end of the gene), was synthesized commercially (Gene Link, Hawthorne, NY). An NdeI restriction site was introduced in the forward primer (underlined sequence). The TK0977 gene was amplified by PCR using this pair of primers as priming strands and genomic DNA of T. kodakarensis KOD1 as the template. The PCR-amplified product was cloned in pTZ57R/T, and the resulting plasmid was named pTZ-PUL. E. coli DH5␣ cells were transformed using pTZ-PUL. The recombinant plasmid pTZ-PUL was digested with NdeI and BamHI to liberate the pullulanase gene, which was purified and subsequently cloned in expression vector pET-21a (Novagen, Madison, WI) by utilizing NdeI and BamHI restriction sites, and the resulting plasmid was named pET-PUL.
Sequence analysis. The sequence of the pullulanase gene in pET-PUL was confirmed by DNA sequencing on an automated DNA sequencer (Beckman Coulter CEQ8000; Beckman Coulter, Inc., Fullerton, CA). Multiple sequence alignment was performed with ClustalW using BioEdit Sequence Alignment Editor (22) .
Production in E. coli and purification of TK-PUL. All procedures of enzyme purification were performed at room temperature unless stated otherwise. E. coli BL21 CodonPlus (DE3)-RIL cells containing pET-PUL were grown in LB medium at 37°C until the optical density at 600 nm (OD 600 ) reached 0.4. Gene expression was induced with 0.1 mM IPTG. After 4.5 h of induction, cells were harvested by centrifugation at 12,000 ϫ g for 10 min at 4°C. The cell pellet was resuspended in 50 mM Tris-Cl, pH 8.0, and disrupted by sonication using the Bandelin SonoPlus HD 2070 sonication system (Bandelin Electronic, GmbH, Berlin, Germany). Cell debris was removed by centrifugation at 20,000 ϫ g for 10 min at 4°C. The supernatant thus obtained was heated at 80°C for 30 min to denature heat-labile proteins from host cells, which were removed by centrifugation. The recombinant TK-PUL obtained in the supernatant was precipitated by fractional ammonium sulfate precipitation. The precipitates obtained after 40% and 60% ammonium sulfate saturation were pooled, dialyzed, and applied on a Resource Q column using the AKTA purifier (GE Healthcare, Piscataway, NJ). Elution of the proteins bound to the column was done with a 0-to-1 M sodium chloride linear gradient solution prepared in 50 mM Tris-Cl, pH 8.0.
Protein estimation. The protein concentration was estimated by Coomassie dye-binding assay using the Quick Start Bradford protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). Bovine serum albumin was used as the standard for protein quantification.
Determination of molecular mass. The molecular mass of recombinant TK-PUL was determined by size exclusion chromatography using a Superdex 200 10/300 GL column on the ÄKTA Explorer fast protein liquid chromatography (FPLC) system according to the instructions of the manufacturer (GE Healthcare, Piscataway, NJ). The molecular mass of recombinant TK-PUL was also determined by matrix-assisted laser desorption ionization-time of flight mass spectroscopy (Autoflex III smartbeam system; Germany). The salt-free TK-PUL (6 g/l) was mixed with 2,5-dihydroxybenzoic acid (50 mg/ml in methanol) in a 1-to-19 ratio, and a 1-l sample (containing about 3.5 pmol protein) was loaded on the sample plate. The sample was allowed to dry at room temperature for 10 to 15 min. The spectrum was obtained by striking 10,000 shots at 85% laser intensity in a detection range of 20,000 to 160,000 Da.
Enzyme activity assay. The pullulanase activity of recombinant TK-PUL was measured in terms of the amount of reducing sugars liberated upon incubation with pullulan. Maltose was used as the standard for reducing sugars. In a standard assay mixture, 125 l of 0.5% (wt/vol) pullulan in 50 mM sodium citrate buffer (pH 4.2) was mixed with 125 l of properly diluted (0.8 to 1.2 U/ml) TK-PUL and incubated at 90°C for 10 min. The reaction was stopped by quenching in ice water, and the reducing ends released were determined by the dinitrosalicylic acid (DNS) method (23) . The reducing groups released by the nonenzymatic factors were subtracted from the experimental values. One unit of pullulanase activity was defined as the amount of enzyme that released 1 mol of reducing sugars in 1 min under standard assay conditions. The ␣-amylase activity of the recombinant TK-PUL was measured by the same procedure but with pullulan replaced by 1% (wt/vol) starch as the substrate.
Effects of pH and temperature on enzyme activity. The effect of pH on the activity of recombinant TK-PUL was examined at 90°C using various buffers at 50 mM strength. The buffers used were sodium citrate (pH 2.5 to 4.5), sodium acetate (pH 3.2 to 6.5), and sodium phosphate (pH 6.5 to 8.5). The pH values were adjusted at room temperature.
To examine the effect of temperature on the enzymatic activity, assay mixtures were prepared either in 50 mM sodium citrate buffer, pH 4.2, or in 50 mM sodium acetate, pH 6.5, and incubated for 10 min at temperatures from 40 to 120°C. An oil bath was used for temperatures above 90°C, and incubations were performed in tightly screw-capped Hungate tubes to prevent boiling of the samples.
pH stability of recombinant TK-PUL. The pH stability of the recombinant TK-PUL was studied at 4°C in buffers of various pH values (50 mM sodium citrate, pH 4.2, adjusted with citric acid; 50 mM sodium acetate, pH 6.5, adjusted with acetic acid; and 50 mM Tris-Cl, pH 8.5, adjusted with HCl). The purified recombinant enzyme was diluted (40 g/ml final concentration) in the respective buffer and incubated at 4°C for up to 56 h. Aliquots were withdrawn at regular intervals, and the pH stability was studied by measuring residual pullulanase activity.
Thermostability of recombinant TK-PUL. For thermostability analysis, the purified enzyme was diluted in 50 mM buffers of various pH values (sodium citrate, pH 4.2, sodium acetate, pH 6.5, and Tris-Cl, pH 8.5) to a final concentration of 40 g/ml and incubated at 90°C and 100°C. All incubations were performed in tightly screw-capped Hungate tubes to prevent boiling of the samples. At various time intervals, samples (approximately 2 g protein) were taken and examined for residual pullulanase activity at 90°C.
Effects of metal ions and other reagents on recombinant TK-PUL. The effects of various substances, including metal ions, inhibitors, detergents, and modifying agents, on the enzyme activity were studied by incubating purified recombinant TK-PUL (1.7 U/ml, final concentration) with various concentrations of these reagents at 60°C for 15 min. Samples were then withdrawn, and pullulanase activity was examined at 90°C.
Substrate specificity and characterization of the hydrolysis products. The substrate preference and relative hydrolysis rates of various polysaccharides, including pullulan, starch, glycogen, amylose, amylopec-tin, dextrin, and cyclodextrins, were determined by incubating each of them at a final concentration of 0.25% (wt/vol) with recombinant TK-PUL. Substrate solutions were prepared in 50 mM sodium citrate buffer (pH 4.2), and after the addition of purified enzyme (0.15 U), incubated at 90°C for 2 to 30 min. The hydrolysis rates (mol reducing sugar min Ϫ1 ml Ϫ1 ) of these substrates were measured every 2 min by the DNS method (23) . To characterize the oligosaccharides obtained as hydrolysis products, incubations were done under similar conditions for various time intervals. The products were then analyzed by high-performance liquid chromatography (HPLC) on an Aminex HPX-42A column (300 by 78 mm; Bio-Rad Laboratories, Inc., Hercules, CA). Signals were detected with a differential refractive index detector (S3580; Sykam GmbH, Germany). Double-distilled deionized water was used as the mobile phase/ solvent. During separation, the column temperature was maintained at 85°C and the detector temperature was maintained at 45°C.
For identification of di-(maltose or isomaltose) and tri-(maltotriose or panose) saccharides in the pullulan hydrolysates, the reaction products obtained after 16 h of incubation with TK-PUL were further incubated with ␣-glucosidase from Saccharomyces cerevisiae at 37°C for 2 h in 50 mM sodium phosphate buffer, pH 6.0. A control experiment containing maltotriose (at equal concentration and under similar conditions), instead of pullulan hydrolysates, was incubated with ␣-glucosidase.
RESULTS
Gene cloning and sequence analysis of TK-PUL. The genome sequence of T. kodakarensis was searched, and an open reading frame (TK0977, TK-PUL) coding for a putative pullulanase type II of the GH13 family was identified. The gene consisted of 2,298 nucleotides, encoding a polypeptide of 765 amino acid residues. A signal peptide of 17 amino acids was predicted using SignalP 3.0 software (24) . TK0977 (accession no. YP_183390.1) was located at positions 851740 to 854037 on the T. kodakarensis chromosome and was flanked by TK0976 (accession no.YP_183389.1), encoding a small nuclear ribonucleoprotein, and TK0978 (accession no. YP_183391.1), encoding a glycyl-tRNA synthetase.
Among the characterized enzymes, TK-PUL displayed the highest homology (62%) with pullulan hydrolase from T. aggregans. Less than 38% homology was found with the sequences of cyclomaltodextrin hydrolases, pullulanases, neopullulanases, and maltogenic amylase (Table 1) . Among the uncharacterized enzymes from the family Thermococcaceae, TK-PUL showed 73%, 67%, and 66% identities with pullulanase type II from Thermococcus sp. strain CL1, pullulan hydrolase type III from T. gammatolerans, and maltodextrin glucosidase/pullulanases from Thermococcus sp. strain AM4, respectively. TK-PUL did not show a significant homology with pullulanases from Thermococcus hydrothermalis (25) , Pyrococcus furiosus (26) , and Pyrococcus abyssi (UniProt accession no. Q9V294). Four highly conserved amino acid sequence regions typical of almost all amylolytic enzymes (27) were also identified in TK-PUL (Fig. 1) . These regions were not found in the pullulanase sequences of T. hydrothermalis, P. furiosus, and P. abyssi (5) . Three acidic residues crucial for catalytic activity were also conserved, at positions 503 (Asp 503 ), 601 (Asp 601 ), and 534 (Glu 534 ). Gene expression in E. coli and purification of recombinant TK-PUL. The expression of the gene in E. coli resulted in the production of recombinant TK-PUL in soluble form which remained in solution even after heat treatment at 80°C for 30 min, while most of the host proteins were denatured and precipitated. The precipitated proteins were separated by centrifugation. TK-PUL in the supernatant, after centrifugation, was further purified by fractional precipitation with ammonium sulfate. Several contaminating proteins were precipitated at 20 to 30% ammonium sulfate saturation. TK-PUL was precipitated at 40 and 60% ammonium sulfate saturation. Further purification by anion-exchange chromatography resulted in an apparent homogeneity of TK-PUL on SDS-PAGE (see Fig. S1 at http://pu.edu.pk/images /publication/AEM-%2003139-13.pdf) and an 11.19-fold higher specific activity (70.5 U/mg) than in the crude extract (6.3 U/mg). The overall yield was 89% (see Table S1 at http://pu.edu.pk /images/publication/AEM-%2003139-13.pdf).
Molecular mass determination. The molecular mass of the recombinant TK-PUL appeared to be nearly 80 kDa on SDS-PAGE, whereas the theoretically calculated mass of TK-PUL without the signal peptide, determined by the ProtParam tool (http: //www.expasy.ch/tools/protparam.html), was 84,399.9 Da. In order to know the exact molecular mass, the recombinant TK-PUL was analyzed by matrix-assisted laser desorption ionizationtime of flight mass spectrometry, and the results revealed that the mass of purified recombinant TK-PUL was 84,402.053 Da (data not shown), which was in good agreement with the theoretically calculated mass of the mature protein. The N-terminal sequence of the first five amino acid residues of the purified recombinant TK-PUL was determined commercially. The sequence matched with the N-terminal amino acid sequence of TK-PUL except for the starting methionine, which probably was truncated by the methionine aminopeptidase of the host E. coli. When the recombinant TK-PUL was analyzed by size exclusion chromatography for molecular mass determination, it eluted at a retention volume of 13.7 ml, corresponding to a molecular mass of 84 kDa, indicating that TK-PUL existed in a monomeric form. Biochemical characteristics of TK-PUL. Examination of the enzyme activity of TK-PUL at various pH values revealed that it was active over a broad pH range (3.0 to 8.5). The highest pullulanase and ␣-amylase activities were observed at pH 3.5 in acetate buffer and 4.2 in citrate buffer (Fig. 2) . Despite showing the highest activity in acidic pH, TK-PUL was more stable at alkaline pH, and it displayed 84%, 77%, and 57% of the maximal activity after 56 h of incubation at 4°C and pH values of 8.5, 6.5, and 4.2, respectively (data not shown).
When the enzyme activity was examined at various temperatures with the pH kept constant either at 4.2 (in citrate buffer) or 6.5 (in acetate buffer), TK-PUL exhibited the highest activities at 95°C at pH 4.2 and 100°C at pH 6.5. More than 50% activity was observed even at 120°C (Fig. 3) . Prolonged incubation at elevated temperatures demonstrated that TK-PUL was extremely thermo-
FIG 1
Regions conserved among pullulanases and other amylolytic enzymes. Three amino acid residues essential for catalytic activity are marked by a hash symbol (#), identical residues are shown in white with a black background, and similar residues are shown in black with a gray background. The sequences, identified by their UniProt accession numbers, are as follows: Q5JID9, TK-PUL; Q9P9A0, pullulan hydrolase type III from T. aggregans; Q9HHB0, pullulanases from D. mucosus; P32818, maltogenic ␣-amylase from B. cidopullulyticus; P29964, cyclomaltodextrin hydrolase from Thermoanaerobacter ethanolicus; Q08751, neopullulanase from Thermoactinomyces vulgaris; P38940, neopullulanase from B. stearothermophilus; Q57482, neopullulanase from Bacillus species; Q45490, maltogenic amylase from G. stearothermophilus; and Q819G8, neopullulanase from Bacillus cereus. stable, displaying more than 90% activity even after 10 h of incubation at 90°C in sodium acetate buffer of pH 6.5. The half-life of TK-PUL was 45 min at 100°C when incubated either at pH 6.5 or 8.5. Under optimal conditions, TK-PUL displayed a specific activity of 70.5 mol min Ϫ1 mg Ϫ1 . The K m value toward pullulan was calculated to be 2 mg ml Ϫ1 , and the V max was 109 U mg Ϫ1 .
Effects of metal ions and other reagents on TK-PUL activity.
There was no significant difference in the enzyme activity of TK-PUL in the presence or absence of Ca ϩ2 , which indicated that, unlike other amylolytic enzymes, recombinant TK-PUL does not depend on calcium for its activity. The activity of TK-PUL was also not affected by the presence of Mg ϩ2 , Mn ϩ2 , Co ϩ2 , or Zn ϩ2 whereas Ni ϩ2 , Cu ϩ2 , and Fe ϩ2 had inhibitory effects at 5 mM concentration but no effect at 0.05 mM concentration (see Table S2 at http://pu.edu.pk/images/publication/AEM-%2003139-13.pdf). The activity of TK-PUL was slightly enhanced by the addition of nonionic detergents like Triton X-100 and Tween 20, whereas the ionic detergent SDS strongly inhibited the activity. Iodoacetamide had no significant effect when added to the reaction mixture at a final concentration of 20 mM. Ammonium sulfate and guanidine HCl inhibited the pullulanase activity of the recombinant TK-PUL when present at a concentration of 0.5 M or above (see Table S2 at http://pu.edu.pk /images/publication/AEM-%2003139-13.pdf).
The enzyme activity was strongly inhibited in the presence of N-bromosuccinimide even at a final concentration of 0.01%. ␤-Cyclodextrin and p-chloromercuribenzoic acid slightly inhibited TK-PUL activity when added to the standard assay mixture at final concentrations of 0.1% and 0.01%, respectively (see Table S3 http://pu.edu.pk/images/publication/AEM-%2003139-13.pdf). The strong inhibition with N-bromosuccinimide indicates the possibility that tryptophan residues are critically involved at the active site, whereas the insignificant inhibition by p-chloromercuribenzoic acid suggested the possibility of noninvolvement of sulfhydryl groups for TK-PUL activity. The above-described effects were identical for both the pullulanase and ␣-amylase activities of TK-PUL.
Substrate preference and analysis of hydrolysis end products. In order to determine the substrate preference, various ␣-glucans, each at a final concentration of 0.25% in 50 mM sodium citrate buffer, pH 4.2, were used as substrates. Pullulan was the most preferred substrate of TK-PUL. Surprisingly, ␥-cyclodextrin was hydrolyzed at the second highest velocity, after pullulan, with a relative activity of 76%. This property of TK-PUL is unique, because cyclodextrins are well-known competitive inhibitors of pullulanases (11) . Other carbohydrates were hydrolyzed in the following order of preference: pullulan (100%) Ͼ ␥-cyclodextrin (76%) Ͼ potato starch (60%) Ͼ amylose (46%) Ͼ dextrin (43%) Ͼ corn starch (41%) Ͼ amylopectin (37%) Ͼ glycogen (26%) Ͼ ␤-cyclodextrin (5%). Recombinant TK-PUL was able to hydrolyze glycogen with a 26% relative activity, in contrast to the pullulanases from T. aggregans and Desulfurococcus mucosus (10, 11) , which were unable to hydrolyze glycogen. Dextran, although it contains mainly ␣-1,6 linkages, was not hydrolyzed by TK-PUL.
Investigation of the hydrolysis end products was first performed by thin-layer chromatography (see Fig. S2 at http://pu.edu .pk/images/publication/AEM-%2003139-13.pdf) and then validated by HPLC analysis. The pullulan hydrolysis catalyzed by TK-PUL was so efficient that, after even 10 min of incubation at 90°C, at a final concentration of 0.25% in 50 mM sodium citrate buffer, pH 4.2, and 2.6 U, or approximately 40 g, of purified TK-PUL, pullulan was completely converted to maltotriose (98.3%) and maltotetraose (1.7%). Subsequent hydrolysis of maltotriose (DP3 [DP, degree of polymerization; DP3 indicates a trisaccharide]) resulted in the formation of maltose and glucose. Peaks corresponding to maltose (DP2) and glucose (DP1) were detected after 1 h of incubation under similar conditions, and after 16 h of incubation, most of the maltotriose (60%) was hydrolyzed to maltose (40%) and glucose (20%) (Fig. 4) . These results indicate that, in addition to hydrolyzing ␣-1,6 bonds in pullulan, TK-PUL also possesses the ability to hydrolyze ␣-1,4 linkages in this substrate. To our knowledge, none of the previously reported enzymes could hydrolyze pullulan so efficiently or was able to hydrolyze a trisaccharide, such as maltotriose. The smallest oligosaccharide hydrolyzed by previously reported pullulanases is maltotetraose (10, 11) . In order to find the nature of the di-and trisaccharides, the pullulan hydrolysates obtained after 16 h of incubation at 90°C with TK-PUL were further incubated with ␣-glucosidase from S. cerevisiae. In a control experiment, maltotriose was incubated instead of pullulan hydrolysates, at equal concentration and under Activity in sodium acetate buffer, pH 6.5. Pullulanase activity is shown by solid lines, while dotted lines represent amylase activity. similar conditions, with the same amount of ␣-glucosidase. Surprisingly, in contrast to the control, which was completely converted to glucose, the di-and trisaccharides in pullulan hydrolysates were only partially hydrolyzed to glucose (Fig. 4a) . These results indicated that the pullulan hydrolysates possibly contained two types of di-and trisaccharides, maltose and maltotriose, which were hydrolyzed to glucose by ␣-glucosidase, and isomaltose and panose, which could not be hydrolyzed because ␣-glucosidase from yeast was unable to cleave their ␣-1,6 linkages. This interesting feature of isomaltose production from the hydrolysis of pullulan has not been previously reported; however, the production of panose in addition to maltotriose has been reported in the case of pullulanase from T. aggregans (10) .
The recombinant TK-PUL hydrolyzed a wide variety of highmolecular-weight polysaccharides, including starch, glycogen, amylose, amylopectin, and dextrin, as well as cyclodextrins, to a mixture containing maltotriose, maltose, and glucose with predominant concentrations of maltose (Fig. 4) . More than 95% of the substrates (other than cyclodextrins) were hydrolyzed within 20 min of incubation at 90°C, while complete conversion (to maltotriose, maltose, and glucose) was attained after 16 h. Smaller linear oligosaccharides, from maltoheptaose to maltotriose, were also hydrolyzed but at lower rates. The most interesting feature of the recombinant TK-PUL was its ability to hydrolyze maltotriose (see Fig. S3 at http://pu.edu.pk/images/publication/AEM-%2003 139-13.pdf) and cyclodextrins (␣, ␤, and ␥). Under similar conditions, the hydrolysis rate of ␥-cyclodextrin was almost similar to that of pullulan (i.e., complete hydrolysis within 10 min), while ␣-and ␤-cyclodextrins were hydrolyzed at much lower rates (Fig. 4) .
DISCUSSION
Industrial starch hydrolysis is a two-step process, and pullulanase is normally added during the second step (saccharification) to hydrolyze ␣-1,6 linkages at branch points that were not attacked by ␣-amylase in the first step (liquefaction) (4) . Complete solubilization of starch in water can only be achieved at a temperature above 100°C, and the natural pH of this solution is 4.5. Therefore, the use of highly thermostable amylolytic enzymes capable of working efficiently in this acidic environment would directly benefit the starch industry (3). We describe here a novel thermoacidophilic pullulan-hydrolyzing enzyme from T. kodakarensis. The amino acid sequence of TK-PUL displayed homology with type II pullulanases, and it was annotated accordingly during the analysis of the genome sequence of T. kodakarensis (16) .
The archaeal pullulanases reported to date show maximal activity in the pH range 5.0 to 6.5, with the exception of pullulanase type II from Pyrodictium abyssi, which exhibits its highest activity at pH 9.0 (5). In accordance with the acidic catalysis mechanism proposed for amylolytic enzymes (28) , the recombinant TK-PUL has an optimum pH of 3.5 in sodium acetate and 4.2 in sodium citrate buffer and is active over a broad pH range (3.0 to 8.5).
A major problem for the starch industry is that Ca 2ϩ has to be added to starch slurry to enhance the thermostability and activity of amylases. This added Ca 2ϩ inhibits the activity of glucose isomerase, which is used in later steps for isomerization of glucose to fructose during high-fructose syrup production (29) . Calcium oxalate is also produced as a waste product and deposits in the pipes and heat exchangers. This deposition chokes the pipes and Aliquots were withdrawn at various intervals, and after the reaction was quenched on ice, 20-l amounts were analyzed on an Aminex HPX-42A column. Pullulan hydrolysates obtained after 16 h of incubation at 90°C were further incubated with 10 U of ␣-glucosidase from S. cerevisiae in 50 mM sodium phosphate buffer, pH 6.0, for 2 h at 37°C. DP, degree of polymerization; DPn, a polysaccharide of n number of glucose residues.
in turn increases the production cost. With the development of Ca 2ϩ -independent thermostable enzymes, this problem can be solved. TK-PUL does not need Ca 2ϩ for activity and thermostability. Its Ca 2ϩ independence, along with its high thermostability and pH optima of 3.5 in acetate buffer and 4.2 in citrate buffer, make TK-PUL an attractive candidate for application in the starch industry.
As both the ␣-1,4-and ␣-1,6-hydrolyzing activities of recombinant TK-PUL were inhibited at the same rate in the presence of 0.1% ␤-cyclodextrin, 0.01% p-chloromercuribenzoic acid, and 0.01% N-bromosuccinimide (see Table S3 at http://pu.edu.pk /images/publication/AEM-%2003139-13.pdf), it can be speculated that recombinant TK-PUL possesses a single active site for the hydrolysis of both ␣-1,4 and ␣-1,6 glucosidic linkages. However, detailed studies are required to reach such a conclusion. Amylopullulanases from D. mucosus (11) , Thermoanaerobium strain Tok6-B1 (30), and C. thermohydrosulfuricum (31) have also been shown to possess only one active site, whereas amylopullulanases from Bacillus circulans F-2 (32), Bacillus sp. strain KSM-1378 (33), and P. woesei (34) have been reported to possess two different active sites responsible for dual catalytic activities. TK-PUL was able to hydrolyze a variety of substrates, with the highest preference toward pullulan and then ␥-cyclodextrin. The pullulanase activity was slightly inhibited in the presence of ␤-cyclodextrin, possibly due to substrate competition, as the enzyme was able to hydrolyze all types of cyclodextrins (␣, ␤, and ␥). The slight inhibition may be attributed to a possible single catalytic site being involved in both types of reactions. Among previously reported pullulanases, only two enzymes, from T. aggregans (10) and D. mucosus (7), were able to hydrolyze cyclodextrins, while others were competitively inhibited.
Recombinant TK-PUL was able to hydrolyze maltotriose into maltose and glucose. This is a unique feature of TK-PUL that was not previously reported for any of the pullulanases. The smallest maltooligosaccharide hydrolyzed by pullulanases from T. aggregans (10) and D. mucosus (11) was maltotetraose. The incubation of pullulan hydrolysates obtained by the action of TK-PUL with ␣-glucosidase from yeast resulted in incomplete conversion of the tri-and disaccharides into monosaccharides. This indicated the probability of the presence of panose and isomaltose, in addition to maltotriose and maltose. On the basis of these strong evidences, recombinant TK-PUL should be regarded as a pullulan hydrolase type III, instead of type II as annotated in the genome sequence of T. kodakarensis. These annotations were based on the amino acid sequence comparisons. Sequence-based classification of putative enzymes may not always be correct, as observed in the case of the well-characterized branching enzyme TK1436 from T. kodakarensis. TK1436 was annotated as a "probable ␣-amylase" in the genome sequence, but the biochemical characterization was in contrast with the sequence-based annotation and showed that it was a branching enzyme (35) . Similarly, heteromeric amino acid transporter proteins do not possess any amylolytic activity but are classified as members of clan glycoside hydrolases-H (GH-H) because of similarity in amino acid sequence (36) . A very recent report described the pullulan-hydrolyzing enzyme from T. kodakarensis (TK0977, TK-PUL) as a pullulanase type II on the basis of sequence similarity and initial data for enzyme characterization (22) . Detailed analysis proves that TK-PUL is actually a pullulan hydrolase type III. To our knowledge, the pullulanase reported from T. aggregans is the only enzyme belonging to pullulan hydrolases type III that has been characterized (10) . TK-PUL displayed a 62% homology with T. aggregans pullulanase. Comparison of both enzymes shows that their K m values toward pullulan are quite similar (TK-PUL, 2.0 mg ml Ϫ1 , and T. aggregans, 2.38 mg ml Ϫ1 ), whereas TK-PUL exhibits a very high V max value of 109 U mg Ϫ1 , compared to 16.6 U mg Ϫ1 for the pullulanase from T. aggregans (Table 2 ) (10). The optimum temperatures for activity of these two enzymes are quite similar, whereas the optimum pH values are entirely different.
In conclusion, TK-PUL is a novel thermoacidophilic pullulan hydrolase type III, and its calcium independence, extraordinary stability over a broad pH range, highest activity at pH 3.5 or 4.2, and high thermostability make it an ideal enzyme for the starch industry. 
